attractive characteristics such as non-invasive measurement, long-term recording, and high sensitivity and selectivity for environmental monitoring, drug screening and point-of-care testing [1] . Recently, odorant biosensing techniques, based on mammalian or insect odorant receptors (ORs), have emerged [2] . We proposed a new bio-hybrid electronic odorant sensor, termed the odour-sensitive fieldeffect transistor (OSFET) [3] , based on extended-gate FETs with thin Al 2 O 3 layers and Sf21 insect cells derived from pupal ovarian tissues of Spodoptera frugiperda [4] expressing insect ORs. Sf21 cells with insect ORs act as odorant sensor elements [5, 6] ; simply attaching them to extended-gate electrodes allowed the sensors to discriminate between two structurally similar odorants by electrical signals.
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Field-effect transistor (FET)-based biosensors have a wide range of applications, and a bio-FET odorant sensor, based on insect (Sf21) cells expressing insect odorant receptors (ORs) with sensitivity and selectivity, has emerged. To fully realize the practical application of bio-FET odorant sensors, knowledge of the cell-device interface for efficient signal transfer, and a reliable and low-cost measurement system using the commercial complementary metal-oxide semiconductor (CMOS) foundry process, will be indispensable. However, the interfaces between Sf21 cells and sensor devices are largely unknown, and electrode materials used in the commercial CMOS foundry process are generally limited to aluminium, which is reportedly toxic to cells. In this study, we investigated Sf21 cell-device interfaces by developing crosssectional specimens. Calcium imaging of Sf21 cells expressing insect ORs was used to verify the functions of Sf21 cells as odorant sensor elements on the electrode materials. We found that the cell-device interface was approximately 10 nm wide on average, suggesting that the adhesion mechanism of Sf21 cells may differ from that of other cells. These results will help to construct accurate signal detection from expressed insect ORs using FETs. moth pheromone component bombykal ((E,Z)-10,12-hexadecadienal) [18] , was expressed in Sf21 cells. Bombykal was kindly provided by Dr Shigeru Matsuyama (Tsukuba University, Ibaraki, Japan) and was diluted with assay buffer solution (140 mM NaCl, 5.6 mM KCl, 4.5 mM CaCl 2 , 11.26 mM MgCl 2 , 11.32 mM MgSO 4 , 9.4 mM D-glucose, 5 mM HEPES, pH 7.2) containing 0.1% dimethyl sulfoxide (DMSO; Wako Pure Chemical Industries, Ltd, Osaka, Japan) as an odorant. We used Sf21 cells expressing insect ORs for SEM observation of the OSFET. In this study, Sf21 cells expressing BmOR3 are called BmOR3 cells. HEK293T cells were used for comparing the cell growth on aluminium layers. The cell-culture protocols from the GE Healthcare technical manual (Technical manual, HEK293T Cell Line; GE Healthcare, Chicago, IL, USA) were followed. HEK293T cells and all cell-culture materials were purchased from GE Healthcare. We chose HEK293T cells for comparison because HEK293 cells have been used for biosensors [9] , but are not derived from insects. HEK293T cells were cultured in cell-culture flasks with 5 ml Dulbecco's modified Eagle's medium supplemented with 10% defined foetal bovine serum, 6 mM L-glutamine, 100 unit ml −1 penicillin and 100 µg ml −1 streptomycin in a 5% CO 2 incubator at 37°C. After reaching confluence, the HEK293T cells were removed with trypsin (0.25% (1×) solution), and 50 µl cell suspensions were seeded on the aluminium substrates in 35 mm plastic cell-culture dishes with 2 ml culture medium in a 5% CO 2 incubator at 37°C. aluminium-sputtered silicon substrates, Al 2 O 3 -sputtered silicon substrates, bare silicon substrates and 12 mm diameter cover glasses (CS-12R; Warner Instruments, LLC, Hamden, CT, USA); the three types of silicon substrates were placed on 12 mm cover glasses, and plain cover glasses served as control substrate. The substrates with cultured BmOR3 cells were inserted into an open bath chamber (RC-48LP; Warner Instruments, LLC) under a fluorescence microscope. The chamber was installed in a handmade acrylic resin holder with inlet and outlet silicon tubes. Silicon tubes of 1 mm inner diameter were connected to peristaltic pumps that circulated the assay buffer solution including 0.1% DMSO at a flow rate of approximately 1.5 ml min −1 . Each odorant stimulation was applied for 15 s with the assay buffer solution including 0.1% DMSO. To record the odorant responses of the BmOR3 cells as fluorescence signals, a microscope (BX51WI; Olympus, Tokyo, Japan) with a fluorescence mirror unit for GFP (U-MGFPHQ; Olympus) and a charge-coupled device camera (DU-897E; Andor Technology PLC, Belfast, UK) were used. Matlab (Mathworks, Natick, MA, USA) was used to select cells in the chamber as the region of interest (ROI) based on circular Hough transform [19, 20] after obtaining video images of the fluorescence measurements. The fluorescence intensity change was defined as
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where, F t is the fluorescence intensity at time t, and F 0 is the average fluorescence intensity measured during the 20 s baseline period. The average fluorescence intensity was defined by subtracting the 20 s average of the peak value from the baseline value. For cross-sectional images, steps (1) to (3) were the same as those for the bird's-eye SEM images, and a 10 nm carbon coating was applied by ion beam sputtering. The remaining steps were as follows. (4) Dehydration and replacement: after sequential immersion in an ethanol gradient as described above, the insect medium was replaced with propylene oxide (Nisshin EM Co., Ltd, Tokyo, Japan). (5) Resinembedding: the specimens were embedded in epoxy resin (EPON812). (6) Cross-sectioning: this study employed a CP (IB-19520CCP; JEOL, Akishima, Tokyo, Japan) for high-quality specimen preparation.
Specimen preparation for scanning electron microscopy observations
Image analysis of cross-sectional specimens
We defined the cleft distances between the attached BmOR3 cells and the Al 2 O 3 layers by the sharp brightness value that decreases in the IMAGEJ plot profiles (http://imagej.nih.gov/ij/), and discussed these distances based on the full width at half maximum (FWHM), which has previously been used for plasma-membrane and nanoparticle analyses [21, 22] . The plasma membranes of the attached BmOR3 cells were enhanced using a band-pass filter, and smooth/sharpen filters were alternately applied three times to reduce noise. We then analysed the cleft distances using the IMAGEJ plot profile command with 1 pixel profile line width. The line was set to 1 pixel (=1.86 nm). We drew vertical plot profile lines at 10 pixel intervals using IMAGEJ macro, and measured their FWHM values using Matlab. Details of the measured points are shown in electronic supplementary material, figure S1. We referred the code posted in IMAGEJ forum (http://forum.imagej.net/) to write the macro program, and modified only the pixel distance from 50 to 10. The plots obtained by IMAGEJ macro were fitted using the Piecewise Cubic Hermite Interpolating Polynomial (PCHIP) [23] in Matlab to calculate FWHM values. 
Results
Calcium imaging of BmOR3 cells and cell adhesion on aluminium-based materials
Cell-activity measurements using aluminium-based electrodes help us to develop low-cost biosensor systems based on the commercial CMOS foundry process by eliminating the need for biocompatible coatings. In OSFETs, Sf21 cells expressing insect ORs, such as BmOR3 cells, should function as odorant sensor elements on aluminium-based electrodes. To verify the viability of BmOR3 cells, we conducted calcium imaging of the cells on four types of substrates. The dose-response of BmOR3 cells towards bombykal doses ranging from 1 to 10 µM on each type of substrate was compared. Typical doseresponse profiles of BmOR3 cells are shown in figure 2a. Pseudo-colour heat maps before and after 10-µM bombykal stimulation are shown in figure 2b. We were concerned that the toxicity of aluminiumbased materials would cause abnormal fluorescence intensity changes in the BmOR3 cells; however, these experiments indicated that the dose-dependent responses of BmOR3 cells were consistent with those in previous studies, and the cells exhibited fluorescence intensity changes of more than 5% in entire images. We then compared the fluorescence intensity changes of BmOR3 cells on aluminium-based materials with those on the silicon substrates and cover glasses. The fluorescence intensity changes on aluminium-sputtered substrates were nearly the same as those on Al 2 O 3 -sputtered layers (figure 3a). To eliminate an effect of substrate thickness, we measured the fluorescence intensity changes of BmOR3 cells on bare silicon substrate, because the cells were seeded directly on 12 mm cover glasses in previous experiments (figure 3b). Fluorescence intensity changes on 12 mm cover glasses were measured as the control (figure 3c). We confirmed that the cells on aluminium-sputtered silicon substrate exhibited fluorescence intensities similar to or higher than those on bare silicon substrate and cover glasses. Al 2 O 3 has previously been used in OSFET as an electrode coating, and thus, understanding the cellular state differences between the coatings will provide alternative electrode material options. The fluorescence intensities of BmOR3 cells on Al 2 O 3 -sputtered silicon substrate were similar to or higher than those on bare silicon substrate and cover glasses (figure 3d,e). Next, the cell-response rates of BmOR3 cells on aluminium-based materials were compared with those on other substrates. Over 80% of BmOR3 cells on aluminium-sputtered silicon substrates exhibited a larger than 5% increase in fluorescence intensity when stimulated with 10 µM bombykal, and the response rates were nearly the same as those on other substrates (figure 3f ). The response rates of cells on Al 2 O 3 -sputtered silicon substrates were also nearly the same as those on bare silicon and cover glasses.
Additionally, we evaluated the cell growth of Sf21 and HEK293T cells on aluminium-sputtered substrates to evaluate any toxic effects of the aluminium. Sf21 and HEK293T cells were seeded on aluminium-sputtered substrates and on plastic cell-culture dishes as a control. Sf21 cells showed no difference in growth on aluminium substrates and plastic dishes. By contrast, the cell-adhesion areas of HEK293T cells on aluminium substrates were not uniform, and cell growth was slower than that on plastic dishes (electronic supplementary material, figures S2, S3 and S4).
Bird's-eye and top-side images of BmOR3 cells
We investigated the cellular state and shape on aluminium-based extended-gate electrode surfaces to determine the viability of Sf21 cells on aluminium-based materials, which are thought to have toxic effects. BmOR3 cells on Al 2 O 3 -sputtered and aluminium extended-gate electrodes are shown in figure 4a and b, respectively. The top-side SEM images of the aluminium extended-gate electrode with BmOR3 cells are shown in figure 4c. The SEM images revealed that BmOR3 cells were tightly attached on both types of layers and that the cells on the aluminium extended-gate electrodes did not flee to the SiO 2insulator areas.
We then investigated shrinkage or expansion of living Sf21 cells on aluminium-sputtered silicon substrates and plastic dishes. Measurements made with IMAGEJ suggested that there were no significant differences in diameter between the 164 cells on the aluminium layers and the 190 cells on the plastic dishes (figure 4d).
Cross-sectional images of BmOR3 cells on Al 2 O 3 layers
To observe and analyse the cleft distances between BmOR3 cells and Al 2 O 3 layers, we developed crosssectional specimens using the CP. Previously, a microtome method or a focused ion beam was used for specimen preparations of cell-device interfaces [9, 16, 24] ; however, the tip of a microtome can easily snap off when cutting a device chip, and the width of a cross-sectional area of a focused ion beam is limited to several tens of square micrometres [25] . Therefore, the CP, which mainly consists of a specimen, a shielding plate, an ion gun and a broad argon ion beam, was chosen to prepare high-quality crosssectional specimens for SEM with broad observation areas [25] . The cross sections were observed by SEM (JSM-7800F; JEOL) at a 5-kV accelerating voltage (spatial resolution: 15 kV: 0.8 nm; 1 kV: 1.2 nm).
The cross-sectional images allowed observing the intracellular structures of BmOR3 cells on Al 2 O 3sputtered substrates (figure 5a). We then observed the BmOR3 cells on OSFET electrodes. Owing to the broad processing range of the CP, we were able to develop specimens to examine the interface between two BmOR3 cells (cell A and B in the following) on one OSFET electrode with an Al 2 O 3 layer. An overall cross-sectional image of a BmOR3 cell attached to an Al 2 O 3 layer for cleft analysis is shown in figure 5b , a magnified view of the attachment interface of the same cell is shown in figure 5c . We found that the specimen preparation process using the CP preserved the plasma membranes of the BmOR3 cells, the planar Al 2 O 3 layer and their interface. In this study, we have taken nine cross-sectional images of BmOR3 cells on the sputtered Al 2 O 3 layer, out of which seven were tightly attached on Al 2 O 3 layers. Then, we selected two cells to conduct elaborate analysis of their adhesive interface (electronic supplementary material, figure S5 ). Also, we did not consider the cells that were distant from Al 2 O 3 layers due to the cutting position.
To estimate the cleft distances between BmOR3 cells and Al 2 O 3 layers, FWHM values of sharp brightness value decreases were calculated from the plot profile. An example of a FWHM value and a plot profile are shown in figure 6a . Figure 6b and B on the same Al 2 O 3 layer. One hundred points of cell A and 87 points of cell B were analysed. For example, the histogram of cell A indicated that 32.0% of cleft distances were 5 nm or less, and 53.0% were 10 nm or less. The average cleft distance between cell A and the Al 2 O 3 layer was 6.2 ± 0.4 nm (table 1). In the case of cell B, 57.4% of cleft distances were no greater than 15 nm, and there were no cleft distances greater than 35 nm. The average cleft distance of the two cells was 10.3 ± 0.5 nm. We also evaluated brightness value of free and attached parts of the membrane of the cell A to confirm that they were attached to the Al 2 O 3 layer (electronic supplementary material, figure S6 ). distances [8, 28, 29] , or transmission electron microscopy (TEM) [7, 9, 16] , and the reported cleft widths fell within the range of 10-100 nm. This study investigated the adhesive interfaces between BmOR3 cells and Al 2 O 3 layers with specimen preparation using the CP. The major finding of cross-sectional observations and image analysis in this study is that, beyond our initial expectations, the average cleft distances between BmOR3 cells and Al 2 O 3 layers measured as FWHM values were shorter than those previously measured by using fluorescence interference-contrast or TEM. Various types of cells, including fibroblasts, epithelial cells, endothelial cells and platelets, are known to form focal adhesions when they attach to substrates [14] . In previous observations, focal adhesions between plasma membranes and substrates were typically 10-20 nm [15] , and 5-20% of the close adhesion points (cleft distances no greater than 10 nm) of HEK293 cells on substrates were thought to be focal adhesion points [9] . By contrast, our analysis demonstrated that 85.0% of cleft distances of cell A fell within the range of 0-10 nm. The cleft distances of cell B were wider than those of cell A; however, the majority were still under 15 nm. These results indicated that the large areas of the bottom surfaces of BmOR3 cells were attached to electrode surfaces tightly. The average cleft distance of the two BmOR3 cells (187 analysed points) on the same Al 2 O 3 layer was approximately 10 nm. Figure 7a shows a schematic of a previously reported cell adhesion with the formation of focal adhesions on a planar electrode, and figure 7b shows a schematic of cell adhesion of an Sf21 cell on a planar electrode based on observations from and analysis of this study. This result demonstrated that the cleft distances of Sf21 cells expressing insect ORs were obviously shorter than previous results predicted, and that the adhesion state could be different from that of other types of cells. The close adhesion points that were assumed to be focal adhesions in HEK293 cells [9] were not observed in Sf21 cells under the experimental conditions of this study. To improve cell adhesion and electrical coupling between neurons and sensing-device surfaces, spine-shaped gold microstructures protruding from flat substrates were developed [7] . By contrast, our results suggested that Sf21 cells expressing insect ORs could be tightly attached to the planar device surfaces without structural improvements. In figure 5c, there were black areas above the plasma membranes of BmOR3 cells. These areas might have been caused by specimen preparation; however, the plasma membrane was clearly preserved and attached to the Al 2 O 3 layer. Therefore, we concluded that these areas had no effect on cleft distance observations. We tried to observe and measure BmOR3 cells on aluminium layers; however, we could not distinguish plasma membranes or clear brightness value decreases (electronic supplementary material, figure S7 ).
Discussion
Adhesive interfaces between BmOR3 cells and aluminium-based materials
Electrical model of odour-sensitive field-effect transistor
The observed adhesion state of BmOR3 cells suggests that the electrical model of the OSFET is different from that of previously proposed FET. In this study, the average cleft distance of BmOR3 cells was approximately 10 nm. Previous electrical models of cell-device interfaces were thought to accurately describe the cleft between cells and silicon chips because of their certain degree of cleft distance [30] [31] [32] . The cleft filled with ionic solution generates resistance, termed 'seal resistance'. The voltage formed over the resistance modulates FET gate voltage [32] .
By contrast, our SEM study suggests that the electrical model of the OSFET might be driven by capacitive coupling. The OSFET uses Sf21 cells expressing insect ORs along with OR co-receptors, which are ligand-gated ion channels, causing inward non-selective cation influx (including Na + and Ca 2+ ) when bound to specific odorant molecules [33] . This leads to increased intracellular electrical charges when the insect ORs respond to specific odorants, and it may directly modulate the drain current of FETs. We previously detected increases in the drain current of the OSFET when Sf21 cells expressing insect ORs responded to specific odorants [3] . According to this model, tightly coupled plasma membranes of Sf21 cells expressing insect ORs and device surfaces could directly transfer the effect of electrical charge increases inside cells to FETs. Then, the FET channels increase, leading to an increase in drain current. The observations in this study support previous measurement results of the OSFET. dose-response profile. In 1 µM bombykal stimulation, the fluorescence intensity changes of BmOR3 cells on aluminium-sputtered substrate were larger than those on 12 mm diameter cover glasses (Al, 28.8 ± 1.3%; glass, 22.0 ± 1.0%; p = 0.015). In some cases, the fluorescence intensity changes of BmOR3 cells on Al 2 O 3 -sputtered substrate were higher than those on bare silicon substrate (Al 2 O 3 , 32.4 ± 1.7%; Si, 21.3 ± 2.9%; p = 0.046) and 12 mm diameter cover glasses (Al 2 O 3 , 32.4 ± 1.7%; glass, 22.0 ± 1.0%; p = 0.013). The high reflectance of aluminium or Al 2 O 3 surfaces may increase, but in any case did not decrease, the intensity changes. The cell shapes on aluminium-based extended-gate electrodes did not change. Cell diameter comparisons indicated that there was no irregular expansion, shrinkage or collapse (an Sf9 cell is typically approximately 15 µm in diameter [34] ). Cell growth and cell area comparisons between Sf21 and HEK293T cells on aluminium substrate also supported the conclusion that Sf21 cells are viable on aluminium-based materials. By contrast, HEK293T cell growth on aluminium was distinctly different from that on plastic dishes, suggesting that these cells are not suitable for use on aluminium electrodes. Sf21 and HEK293T cells are generally cultured at different pH (Sf21 cells, pH 6.4; HEK293T cells, pH 7.8); however, this study did not take into account the influence of pH of the cell-culture medium.
The experimental results indicated that Sf21 cells expressing insect ORs exhibited aluminium tolerance, despite the concern regarding toxicity [ [11] [12] [13] . This unique characteristic of Sf21 cells suggests that the commercial CMOS foundry process can be directly applied to Sf21 cells without inducing damage, thereby demonstrating its potential to reduce post-processing costs, including expenses for biocompatible coatings.
Conclusion
In this study, we investigated the interface between Sf21 cells expressing insect ORs and aluminiumbased layers. Specimen preparation using the CP for SEM observations allowed us to analyse the detailed nanostructures of the Sf21 cell-device interfaces, and image analysis of cleft distances indicated that the majority of the bottom surfaces of Sf21 cells expressing insect ORs attached to device surfaces at distances shorter than those previously reported. These results suggested that the cells attached to the device surface by a different mechanism than focal adhesion. Additionally, this study provided the information to support that the electrical model of the OSFET could be the capacitive coupling of the plasma membranes of Sf21 cells expressing insect ORs and device surfaces, and is unrelated to ionic current in the cleft of cell-device interfaces. The results of calcium imaging and cell-growth observations led us to expect that Sf21 cells expressing insect ORs could function as odorant sensor elements on aluminium-based layers without being damaged, and that OSFETs can utilize aluminiumbased electrode materials for reliable and cost-effective odorant sensor systems based on the commercial CMOS foundry process.
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